Abstract-A novel retinal prosthetic device was developed using biocompatible liquid crystal polymer (LCP) to address the problems associated with conventional metal-and polymer-based devices: the hermetic metal package is bulky, heavy, and laborintensive, whereas a thin, flexible, and MEMS-compatible polymerbased system is not durable enough for chronic implantation. Exploiting the advantageous properties of LCP such as a low moisture absorption rate, thermobonding, and thermoforming, we fabricate a small, light-weight, long-term reliable retinal prosthesis that can be conformally attached on the eye-surface. A LCP fabrication process using monolithic integration and conformal deformation was established enabling miniaturization and a batch manufacturing process as well as eliminating the need for feedthrough technology. The functionality of the fabricated device was tested through wireless operation in saline solution. Its efficacy and implantation stability were verified through in vivo animal tests by measuring the cortical potential and monitoring implanted dummy devices for more than a year, respectively.
A Miniaturized, Eye-Conformable, and Long-Term Reliable Retinal Prosthesis Using Monolithic Fabrication of Liquid Crystal Polymer (LCP) cells using a microelectrode array inserted into the subretinal [1] [2] [3] , epi-retinal [4] , [8] , or suprachoroidal space [6] , [7] . In clinical trials, blind patients reported consistent light perception with spatial and temporal correlation with retinal stimulation which enabled the performance of several basic tasks such as reading characters, discriminating grating patterns and light localization [3] , [4] , [7] , [8] . These efforts led to recent regulatory approvals for the Argus II and the Alpha IMS. Despite these remarkable progresses and promising results, there still remain great challenges in device fabrication because retinal implants to date are mostly based on previous technologies of metal packages with additional wire-wound coils that have been used for a long time as conventional neural prostheses such as cochlear implants and deep brain stimulation. While titanium-based encapsulation is impermeable to water and well tolerated by the body, it has several limitations as follows. It needs feedthrough technology, and its incompatibility with microfabrication not only requires time-consuming and laborious manual work for assembly but also limits the number of channels for high-density stimulation; the metal package is relatively bulky and heavy. These are general challenges for any kind of implantable biomedical device but become critical requirements particularly for a retinal prosthesis which is fixed on/in the eyeball with a high number of channels for useful vision. The anatomically available space between the eye and orbital rim is limited [9] , and the continuous movement of the eyeball imposes additional mechanical stress leading to a higher risk of device failure and discomfort in patients. A thin and conformable structure that can fit the curved surface of the eyeball is highly desired.
Polymer-based neuroprostheses have been recently investigated to substitute the metal package using biocompatible materials such as silicone elastomer, polyimide, and parylene-C, achieving miniaturization and high flexibility as well as compatibility with the semiconductor process [7] [8] [9] . However, their long-term reliability remains questionable due to high moisture absorption of the polymer materials and the insufficient interlayer adhesion strength resulting in degradation and delamination under aqueous condition [10] .
Liquid crystal polymer (LCP) has been explored as an alternative material for biomedical applications including retinal and cochlear prostheses [10] , [11] , neuromodulation [12] , [13] , and intraocular sensor [14] . In a series of recent studies, LCP has shown promise toward an all-polymer neural prosthesis with constitutional technologies including microfabrication of an electrode array [15] , [16] , design of an efficient planar coil [17] , thermal deformation [10] , [18] , monolithic encapsulation [18] , and magnetic resonance imaging compatibility [19] . The moisture absorption rate of LCP (<0.04%), which is much lower than those of conventional biocompatible polymers such as polyimide (∼2.8%) and parylene-C (0.06-0.6%), is the most advantageous property that could significantly improve the longterm reliability if properly processed. LCP encapsulation has been proven to provide superior long-term reliability than that of polyimide and parylene-C through accelerated soak tests [18] .
LCP is compatible with microfabrication technologies and is thermoplastic so that multiple layers of LCP films can be thermally bonded together without adhesives. These properties contribute to achieving a monolithic system, in which all the components including the electrode array, coil, and circuit are integrated onto a single body of multilayered LCP films and packaged by the same material. This monolithic fabrication allows miniaturization and a low-cost batch manufacturing process eliminating the need for feed-through technology. Additionally, the LCP substrate can be readily deformed into a desired nonplanar shape by thermal pressing to achieve an eyeconformable structure that can fit the curvature of an eyeball.
In this study, therefore, we demonstrate a novel LCP-based retinal prosthesis that addresses the following problems associated with conventional metal-and polymer-based devices: the hermetic metal package is bulky, heavy, and labor-intensive, while a thin, flexible, and MEMS-compatible polymer-based system is not durable enough for chronic implantation. Combining the abovementioned characteristics of LCP, the proposed device offers several advantageous features as follows: a miniaturized and eye-conformable device, monolithic fabrication, and long-term reliability. The novel fabrication technologies are described, and the functionality and reliability of the developed device is evaluated in vitro as well as in vivo.
II. METHODS

A. System Overview
The overall configuration of our LCP-based retinal prosthesis is depicted in Fig. 1 . An image captured by a camera on the glasses is processed by an external device and then transferred into the implanted unit through an inductive link. This study focuses on a LCP-based implanted unit with the goal of achieving suprachoroidal and subretinal stimulation.
B. Monolithic Fabrication Process
1) Multilayered Integrations:
The novel monolithic fabrication process using LCP is schematically shown in Fig. 2 . First, the electrical components including the planar coil, circuit footprints, and electrodes array were independently microfabricated on the LCP films with a high melting temperature (HT-LCP; 330°C, ULTRALAM 3850, Rogers Corporation, USA) or a low melting temperature (LT-LCP; 280°C, Vecstar CTF series, Kuraray, Japan). The details on the LCP-based retinal electrode array and the multilayered LCP coil have been previously reported [15] [16] [17] , whereas the electrodeposition process for depositing iridium oxide on a LCP-based Au electrode will be published elsewhere. After surface activation by oxygen plasma (150 W, 100 sccm, 3 min; Plasmalab 80 plus, Oxford Instruments, U.K.) and alignment in a metal jig, those LCP layers were thermally laminated together using a heating press (30 min, 285°C, 4 Kgf/cm 2 ; model 4330, Carver, USA) to form a multilayered system substrate by melting the LT bonding layers between them as shown in Fig. 2(a) . The actual layer configuration of the multilayered structure is shown in Fig. 3 . An overall thickness of 350 μm and the composition of the films are the result of a compromise between long-term reliability and yield. Higher pressure during the thermal bonding of the LCP layers can strengthen the interlayer adhesion leading to higher longterm reliability in aqueous conditions. Although thicker layers can allow a higher lamination pressure with less probability of undesired contact between the metal patterns in the adjacent layers, a thick substrate is difficult to deform because the tensile/compressive stress increases with the film thickness as shown in Fig. 4(a) . The composition of the film in Fig. 3 is the result of optimization so that it can be thermally deformed as well as endure the lamination and packaging process at 285°C with 4 Kgf/cm 2 for 30 min, which is the condition found through preliminary experiments that provides sufficient LCP-LCP adhesion.
2) Thermal Deformation: The second step is thermal deformation to create an eye-conformable structure. As shown in Fig. 2(b) , the multilayered substrate was placed between a pair of custom-made metal jigs with the desired convex and concave profile, followed by thermal pressing. To prevent metal line fractures as a result of the deformation, we used wavy metal patterns to provide stretchability upon tension or compression [20] [21] [22] [23] . The geometric characteristics defining the serpentine shape, including the width of the tracks w, minimum line distance d, tracks pitch p, opening angle θ, and radius r were varied according the degree of deformation for five different regions (I-V) shown in Fig. 4(b) and (c). The optimized values for the Layer configuration for the multilayered system substrate integrated with a coil, circuitries, and an electrode array. "HT" and "LT" indicate "highmelting temperature" and "low-melting temperature," respectively. five locations that could survive the stress from the deformation with a minimum line pitch are summarized in Table I . In addition, we estimated the electrical properties of the spherically deformed coil to verify any adverse effects from this process on the wireless link performance. Three-dimensional finite elements models were built using FastHenry solver [24] to compare the inductance, resistance, and quality factor of the deformed coil with those of the planar coil. 3) Assembly: A stimulator ASIC [13] was wire-bonded in the central area of the deformed substrate, and the surrounding circuitries were assembled with the discrete components for an oscillator, a rectifier, and dc-blocking-capacitors using conductive epoxy (H20E, Epotek) that can withstand the lamination temperature as shown in Fig. 2(c) . A flat central area with a 5-mm diameter was maintained during the deformation for stable bonding of the ASIC (3.3 mm × 3.3 mm).
4) Packaging and Laser-Machining:
The packaging process came next to encapsulate the electronics against body fluids as shown in Fig. 2(d) . Packaging of electronics on a curved substrate poses several challenges in applying uniform pressure throughout the bonding surface. In addition, if an air-cavity is left inside, expansion and contraction of the air inside the package during thermal cycle up to 285°C can lead to undesired deformation of the package. To address these issues, a LCP powder-filling packaging technique was developed: the concave volume accommodating the electronic components was filled with house-milled LT-LCP powder and covered by a 25 μm-thick precurved lid of LT-LCP. They were thermally pressed under the same condition as the lamination using a pair of metal jigs leaving a void inside when combined as shown in Fig. 5(a) and (b) . The melted LCP powder can fill the internal space to achieve a thin, eye-conformable, and monolithic system package. This filling-and-melting method offers the additional benefits of being mechanically robust and moisture condensing inside the package is less likely than a package with an air-cavity.
The final steps were a series of laser-machining (355 nm UV, Samurai system, DPSS, USA) including electrodes site opening by laser-ablation, thinning of the retinal electrode part for higher flexibility by applying grating laser patterns, and final outlining described in detail in [15] . The device was completed after plasma cleaning to remove any laser burrs [see Fig. 2(f) ].
C. In Vitro Evaluation
The functionality and reliability of the fabricated device were tested in bench. The wireless operation was verified by delivering power and data from an inductively linked primary coil into the device soaked in PBS solution. The primary coil was driven by a custom-built external unit on a printed circuit board that consisted of a microcontroller to generate PWM data to control the stimulation parameters of ASIC and a class-E amplifier for 2.54 MHz modulation.
Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) of the fabricated IrOx electrodes array were measured with the Solatron 1260 and 1287 system (Solatron, U.K.) in a three-electrode cell using an Ag/AgCl reference electrode and a mesh-type Pt counter electrode in PBS solution (1X, Gibco). The EIS was measured for frequencies from 10 Hz to 10 kHz by applying a sinusoidal of 10 mV amplitude without an offset. The CV curve was recorded in the −0.8-0.6 V range at a scan rate of 50 mV/s for which the cathodic area was integrated to calculate the charge storage capacity (CSC) using the CorrView software.
D. In Vivo Evaluation
To demonstrate the functionality and implantation stability of the LCP-based retinal prosthesis, in vivo animal experiments were performed with New Zealand white rabbits. All procedures conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. General anesthesia was induced by intramuscular injection of tiletamine/zolazepam (Zoletil; Carros, France) and xylazine (Rompun; Bayer AG, Germany) in a 1:1 mixture at a dose of 0.6 mL/kg. After a superior conjunctival incision along the limbus, a subconjunctival pocket was made for inserting the circular system package into the superior-temporal quadrant. The electrode array was then inserted into the suprachoroidal space under funduscopic examination through a 3-mm superior-nasal scleral incision made parallel to the limbus. The primary coil for power and data transfer was attached on the skin shown in Fig. 12(a) .
The functionality of the device was verified by recording electrically evoked cortical potentials (EECPs) while stimulating the rabbit retina with a biphasic current pulse generated from the implanted device (cathodic-first, amplitude 200 μA, pulse duration 500 μs, pulse rate 2 Hz). The EECP was measured with a Powerlabs 4/20 system (AD Instruments, USA) with a needle-type recording electrode inserted into a fine hole drilled in the skull to reach the visual cortex (6 mm anterior and 4 mm contralateral to the lambda). The reference electrode was inserted into a hole located 20 mm anterior to the lambda, and the counter electrode was inserted subdermally in the ipsilateral ear.
To evaluate the long-term implantation stability and compatibility, dummy devices that were physically identical to the actual device but not functionally were implanted using the same procedure as above. The devices have been implanted for more than a year to observe any adverse events such as protrusion of the device, inflammation, and retinal damage through fundus examination and OCT imaging.
III. RESULTS
A. Device Fabrication
The layer stacking steps for the multilayered integration are shown in Fig. 6 , where the independently fabricated coil, circuit footprints, and electrode layers are sequentially stacked with bonding layers, and thermally laminated together to form a 350-μm-thick multilayered system substrate. The film microfabrication and lamination steps were processed in a 4-in host shown in Fig. 6(c) .
The results from the thermal deformation process are shown in Fig. 7 . A FEM model and the fabricated planar coil on the LCP are shown in Fig. 7(a) and (b) , respectively, along with those after the deformation process in Fig. 7(d) and (e). The coil cover layer was removed to show the deformed coil patterns. The inner faces of the substrate are shown in Fig. 7(c) and (f), in which an individual piece cut from its 4-in host is fixed in the metal jig before and after deformation, respectively. The simulated and measured electrical properties of the deformed coil are compared with the planar coil in Table II . Despite the slight difference between the simulated and measured data, likely due to the imperfection in modeling the deformed wavy metal patterns precisely, estimation of the decreased inductance and constant resistance was verified by the measurements. The inductance of the deformed coil decreased 5% from the planar coil which is probably caused by the reduced magnetic interaction between the adjacent tracks as they get further apart after deformation. The quality factor decreased as well; however, the wireless operating distance of our stimulator circuit was nearly unchanged. The fabricated wavy metal tracks used to survive the mechanical stress from the deformation are shown in Fig. 8 at three different locations (I-III). The wavy tracks of the coil (IV, V) are shown in Fig. 7(e) . All the wavy metal tracks remained intact after the deformation to the curvature desired for our eye-conformable device verified by the resistance measurements.
The stimulating circuit assembled on the deformed substrate and its typical waveforms from the wireless operation are shown in Fig. 9 : PWM signal modulated by a 2.54-MHz carrier induced at the receiver coil (a), after rectification (b), decoded PWM data stream (c), regulated power (d), and the output biphasic current pulse (e). The cross section of the encapsulated electronics packaged by filling and melting the LCP powder is shown in Fig. 5(c) . The melted powder filled the inner volume evenly without any observation of voids or defects. The multilayered substrate endured the packaging temperature and pressure preserving its laminar structure without collapsing or an interlayer short circuit.
B. Device Characteristics
The completed LCP-based retinal prosthetic device is shown in Fig. 10 , and its characteristics are summarized in Table III . The device has a circular package accommodating the electronics with a 14 mm diameter and 1.3 mm maximum thickness for its crescent-shaped cross section that can be conformally attached on the eyeball shown in Fig. 10(a) and (b) . The electrode part to be inserted into the retina has a thickness of 30 μm after the laser-thinning process, which etched away the LCP starting from a 350 μm thickness and is precurved to fit the eye-curvature shown in Fig. 10(c) . As compared in Fig. 10(d) , our device is geometrically comparable to the Ahmed glaucoma valve (16 mm × 10 mm × 1 mm, 0.3 g; Model FP7, New World Medical, Inc.) which has been clinically proven to be stably attached on the eye surface for more than a decade. Because the surgical procedure attaching the device in the conjunctival pocket with episcleral suturing is also similar, our device is expected to be stably attached on the temporal side of the eyeball over an extended period of time.
This LCP-based retinal prosthesis weighs only 0.38 g, which is less than a tenth of conventional implantable devices with a metal package. Considering that the weight of an eyeball is about 5 g, this weight reduction is a significant improvement in patients' discomfort as well as implantation stability.
C. In Vitro Evaluation
In the wireless test, the LCP-based retinal prosthesis was operated as intended to generate stimulating current pulses up to a gap of 16 mm in the air and 15 mm in PBS from the external transmitter coil.
The CV and EIS measurements revealed that the iridium oxide coated electrodes have superior electrochemical properties over gold electrodes as shown inFig. 11. In the EIS represented by the means and standard deviations of the magnitude (a) and phase (b) at each frequency, the impedance measured at 1 kHz had a mean magnitude of 1.2 ± 0.06 kΩ which is about a 27-fold decrease for Au. Integration of the cathodic area from the cyclic voltammogram suggests that the CSC of the IrOx electrodes is 27.8 ± 0.84 mC/cm 2 , which is a 70-fold increase from Au.
D. In Vivo Evaluation
Following surgical implantation into the rabbit retina, the EECP recorded from the visual cortex confirmed the functional efficacy of the device shown in Fig. 12(b) . Wireless operation of the implant by an external coil could elicit robust cortical response represented by a positive peak (P1) with shorter latency than visually evoked potential in Fig. 12(c) [25] , [26] .
In the in vivo stability test using dummy devices, fundus and ocular observation along with OCT imaging were performed for a year after the implantation. The microscopic image in Fig. 12(d) shows the device during the surgery after the attachment of the device using two episcleral suturing holes before recovering the conjunctiva, whereas Fig. 12(e) shows the same device after a year of implantation. The recovered conjunctiva was well preserved without observation of any adverse effects such as inflammation and protrusion of the device. A fundus image of Fig. 12(f) showed that the implanted array had not migrated or induced vitreous inflammation. A representative OCT image in Fig. 12(g) shows that the retinal structure containing the LCP-based electrode array was well preserved for the postoperative one-year period without any choroidal retinal inflammation or structural deformations.
IV. DISCUSSION
In this study, a novel LCP-based retinal prosthetic device that is thin, light, and eye-conformable was fabricated, and its functionality was verified in vitro and in vivo. Our LCP monolithic fabrication process negates the need for expensive and laborintensive feed-through technology enabling a low-cost, batch manufacturing process. Although the device reported here is designed as a retinal prosthesis, the concept and the fabrication methodology are not limited to retinal applications. The advantages of this all-LCP retinal prosthesis achieved by multilayered integration for miniaturization and manufacturability are numerous. The thermal deformation process for conformal structure to the target tissue/organ and the long-term reliability attained from the low moisture absorbing nature of LCP are generally highly desired characteristics for any type of implantable biomedical devices. The design and fabrication technologies established in this study, therefore, could be used for other neural prosthetic applications as well, for example cochlear implants, deep brain stimulation, bioreactors, and various central and peripheral nerve stimulators.
The new retinal implant demonstrated in this study consisted of a circular package that was 14 mm in diameter and 1.3 mm thick and a retinal electrode array with 16 channels. The bottleneck toward further miniaturization and higher numbers of channels is in the stimulating electronics not in the LCP fabrication process. If the oscillator and voltage regulator that are currently built using discrete components are integrated into the ASIC design, the system package could be minimized to less than 10 mm in diameter and 0.5 mm thick. Because the need for a complicated feed-through process that limits the high count lead to channels was removed by monolithic fabrication, our technology is easily scalable to a higher number of electrodes. For instance, current LCP microfabrication of a feature size less than 10 μm combined with multilayered routing can produce a retinal electrode with more than 300 channels.
Although the functionality of the new device has been demonstrated acutely in this study, the long-term reliability needs to be further investigated. At this moment, in vitro accelerated aging test and in vivo animal tests to verify the reliability and stability of active devices for an extended period of time are ongoing. Additionally, further study is being conducted to further improve the long-term reliability of the LCP-based package and electrode array, for example, by constructing a special microstructure in the interface of the adhesion, and sophisticating the lamination and packaging process to allow higher pressure during thermal bonding.
V. CONCLUSION
A novel retinal prosthetic device which is small, thin, lightweight, and eye-conformable was developed using monolithic fabrication and conformal deformation of LCP. A monolithic fabrication process using LCP as a substrate and packaging material was established including multilayered integration, thermal deformation, LCP-power packaging, and laser-machining. The developed device with 16 channels has a circular package 14 mm in diameter with a maximum thickness of 1.3 mm and a weight of 0.38 g and was wirelessly operated up to 16 mm in the air. Its functionality and implantation stability was verified through in vivo animal tests by measuring the cortical potential and monitoring implanted dummy devices for more than a year.
